Fire is an important driver of land cover change throughout the world, affecting processes such as deforestation, forest recovery and vegetation transition. Little attention has been given to the role of fire in shaping the temporal and spatial land cover changes among continents. This study has integrated two MODIS products (MCD64A1: Burned area and MCD12Q1: Land cover) over Africa and South America from 2001-2013 to explore the vegetation dynamics after fires. The results indicated that while Africa suffered from repeated fires, more than 50% of the total burned area in South America experienced only one fire. The vegetation dynamics of the high-density vegetated regions in the 10 years after a fire showed that the forest losses in the first year after a fire in Africa were slightly larger than that in South America (Africa: 17.2% vs. South America: 14.5% in the Northern Hemisphere). The continental comparison suggested that early successional forests in Africa recovered relatively fast (northern part: 10.2 years; southern part: 12.8 years) than in South America, which recovered (18.4 years) slowly in Northern Hemisphere or ever with no recovery in the Southern Hemisphere. No clear information of the recoveries of other vegetation types (i.e., shrub, grass and crop) in Africa or South America could be identified from the satellite data. In addition, we also analyzed the changes of high-density vegetation in non-burned regions in both continents. These findings highlighted the impact of the fire regime on the vegetation changes in Africa, which appear resilient to fire, but there were complex systems in South America related to fires.
Introduction
Fire is an important process on Earth and one of the most prevalent disturbances in terrestrial ecosystems on a global scale [1] , having a wide variety of ecological effects, such as vegetation distribution [2] , vegetation structure [3] , and thus carbon cycle [4] . Fire is regularly considered as a useful way to dispose of vegetation debris for the purpose of other vegetation types, which is called "land cover change" (defined as land clearing and conversion to other land cover types). The responses to fire of the current land cover and the trends of land cover changes in the tropics [3, 5] , especially for savanna-forest transitions, have been fully documented on a small scale [6, 7] based on field investigations [8] or modelling [9] . However, the recovery dynamics of land cover changes related to fire remain highly uncertain, particularly at the continental scale [10, 11] . Therefore, further continental region using the plant functional type (PFT) classification scheme in the collection 5.1 MCD12Q1 land cover type product [33] . All forest types (classes 1-4) were grouped in one class (forest). Shrubs (class 5) and grasses (class 6) remained two separate classes. Cereal crops (class 7) and broad-leaf crops (class 8) were also grouped as crops. The remaining vegetation types, including urban and built-up (class 9), snow and ice (class 10) and barren or sparse vegetation (class 11), were combined into an "other" aggregated vegetation class. Five classes (forest, shrub, grass, crop and other) were ultimately used. 
MODIS Fire Products
The monthly burned area (BA) data (MCD64A1 collection 6) [30] at a 500 m spatial resolution was used in this study (ftp://ba1.geog.umd.edu). The C6 MCD64A1 is the latest product of the MODIS Burned Area suite of products. This product combines the daily MODIS surface reflectance imagery with 1 km MODIS active fire data based on a hybrid approach [30] . A burn-sensitive vegetation index is calculated from MODIS time series using the short-wave infrared channels, and then dynamic thresholds are applied to guide the statistical characterization of burn-related and non-burn-related change. Finally, spatial and temporal active fire information are used to create regional probability density functions to classify each pixel as burned or unburned [31] . The BA product specifies the individual day of burning for every burned area pixel and a temporal uncertainty range for its burn date. The monthly burn date maps from 2001 to 2013 were used for further data processing. The C6 MCD64A1 algorithm uses the most recently available C5.1 MCD12Q1 land cover product that was made for each year from 2001 to 2013 [30, 32] . For each year, when a fire occurred in one pixel in any month, this pixel was marked as burned and added to the annual BA dataset. The monthly MCD64A1 products for Africa and South America were then aggregated to generate gridded annual BA maps.
MODIS Land Cover Products
To identify land cover changes, we used the MCD12Q1 land cover type product version 5.1 at a 500 m spatial resolution [33] . This annual product from 2001 to 2013 was downloaded from USGS (https://e4ftl01.cr.usgs.gov/MOTA/). We defined five aggregated vegetation classes within each continental region using the plant functional type (PFT) classification scheme in the collection 5.1
Remote Sens. 2019, 11, 1074 4 of 15 MCD12Q1 land cover type product [33] . All forest types (classes 1-4) were grouped in one class (forest). Shrubs (class 5) and grasses (class 6) remained two separate classes. Cereal crops (class 7) and broad-leaf crops (class 8) were also grouped as crops. The remaining vegetation types, including urban and built-up (class 9), snow and ice (class 10) and barren or sparse vegetation (class 11), were combined into an "other" aggregated vegetation class. Five classes (forest, shrub, grass, crop and other) were ultimately used.
The Fire-induced Ecosystem Changes
The fire-induced ecosystem dynamics were estimated as followed: (1) The original 500 m resolution MODIS land cover maps are aggregated to 0.5 • grid cell according to the number of each PFT in one grid cell: In each 0.5 • grid cell (approximately 50 km × 50 km at the equator) consisting of roughly 100 × 100 land cover pixels, the number of each PFT (forest, shrub, grass, and crop) was counted. Then the number of each PFT in each 0.5 • grid cell was divided by the total number of land cover pixels. The aggregation to a resolution of 0.5 • from 500 m is to obtain sufficient measurement data to compute regionally representative PFT type fractions and analyze their changes. As a result, the annual land cover products from 2001-2013 were aggregated to a spatial resolution of 0. (2) The high-density vegetation regions were identified. The specific regions (defined as an individual vegetation type occupying more than 80% of the 0.5 • × 0.5 • grid cell) are shown in Figure 1 . To reduce the bias in the low-density vegetation area ( Figure S1 ), we selected the regions with high-density vegetation by using the percentage proportions of PFT cover in large grid cell. There are four forest regions, three shrub regions, two grass regions and two crop regions in Africa and South America. We analyzed the vegetation dynamics after fires in these regions.
(3) In each grid cell, all PFTs impacted by fire were exacted annually based on MODIS BA maps and land cover maps. In each specific region (red rectangles in Figure 1 ), the PFTs that covered more than 80% of each 0.5 • grid cell were masked and overlaid with the annual BA from 2001-2013. Therefore, the high-density PFTs that were impacted by fire could be extracted annually. We tracked the vegetation changes that occurred as a result of fire in the masked PFT grid cells. For example, the annual fire-impacted forest region of the NHAF_Forest (Figure 1 ) was overlaid with the land cover map in the same year. We aggregated data in the gird cells in consecutive years (from 1 to 12 years) after fires. If fires occurred more than twice in one pixel, land cover changes between two fire year were extracted and the time in any fire year was reset to 0. For example, some pixels in a forest grid cell (0. (4) The percentage proportions of vegetation transitions in the years after fires (from 1 to 12 years) were summarized. The vegetation type percentage proportions were calculated by dividing the number of pixels dominated by a specific vegetation type by the total number of vegetation types in the same year. For example, in a grid cell dominated by forests before fire, we calculated the percentage proportions of the different vegetation types (forest, shrub, grass, crop and other) after a fire. The conversions of forest to shrub, forest to grass, forest to crop and forest to other types could then be estimated in the years after a fire (from 1 to 12 years). Therefore, we tracked the land cover transitions for the four vegetation types. 
where y is the fraction of vegetation remaining after the fire, t is the amount of time since the fire (years), τ is the recovery time (years), A is the fractional vegetation loss in the first year after a fire.
Results

The Fire Regimes in Africa and South America
The vegetation fractions over the past 13 years differed between the two continents ( Figure 2a,b ). Approximately 24% of the total land in Africa was covered by grass, followed by shrub (17%), forest (16%) and crop (7%), while forest dominated in South America, accounting for 47% of the total land, followed by grass (25%), shrub (16%) and crop ( where y is the fraction of vegetation remaining after the fire, t is the amount of time since the fire (years), τ is the recovery time (years), A is the fractional vegetation loss in the first year after a fire.
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The Fire Regimes in Africa and South America
The vegetation fractions over the past 13 years differed between the two continents ( Figure 2 a, b). Approximately 24% of the total land in Africa was covered by grass, followed by shrub (17%), forest (16%) and crop (7%), while forest dominated in South America, accounting for 47% of the total land, followed by grass (25%), shrub (16%) and crop (7%). The partitioning of the annual BA by land cover type from 2001-2013 is shown in Figure 3 decreased to 78% in the first 4 years and then remained stable. The recovery time for forests in SHAF was 12.8 years, but no recovery signal could be found in SHSA_Forests. Of all shrub loss grid cells, a small part (7.8% when averaged over the whole 10 years) was burned and mainly converted to grass in SHAF (Figure 3 e) . Meanwhile, almost none of the shrubs in SHSA were burned (Figure 3 f) . Approximately 10% of the grasses in NHAF and SHSA were cleared in the first year after fires (Figure 3 g, h) . Burned grass was mainly converted into shrubs or crops. The fraction of grass in SHSA that was converted to other vegetation types increased to 14.4% in the last stage of 10 years. Of the total crop grid cells influenced by fires, the crops were mainly converted to grass. In both NHAF and SHSA, the fraction of crops that transitioned to grass was relatively stable in the following 10 years (Figure 3 ). (Table 1) , which indicated that Africa had more fires than South America. Single fires occurred in 50.8% of the total fire area in South America, while only 23.9% of the total fire area in Africa had a single fire. High-frequency fire activities (>3 years) over the past 13 years were common in Africa (50.7%) but less common in South America (16.8%). This finding indicates that Africa experienced more repeated fires than South America from 2001-2013. 
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Ecosystem Changes Induced by Wildfires
First, we calculated the vegetation dynamics in the years after fires for the total BAs in Africa and South America ( Figure S1 ). The whole continental comparison indicated that the vegetation transition patterns after fires for each vegetation type were similar between the two continents, except for shrubs ( Figure S1 ). These results consisted of the vegetation changes in low-density ecosystems (Figure 1 ), which might result in bias. Therefore, in this study, the high-density ecosystems (defined as an individual vegetation type occupying more than 80% of a 0.5 • × 0.5 • grid cell) that were impacted by wildfires were considered (Figure 1) . Furthermore, the study period was from 2001 to 2013, but the BAs in specific regions in the 11 and 12 years after the fires were small ( Figure S2 ). As a result, the vegetation dynamics of specific regions in the 11 and 12 years after fires were removed in Figure 3 . The different fire regimes between the two continents indicated that the slopes of the number of pixels in specific regions from 1 to 12 years after fires in South America were lower than those in Africa. The number of years in which fires were detected at the same location was higher in South America than Africa ( Table 1) .
The vegetation dynamics in the years after fires for specific regions are shown in Figure 3 . The majority of the forest losses that were induced by fire were converted to grass, followed by shrub and crop (Figure 3a-d) . A total of 17.2% and 14.5% of the forests in NHAF and NHSA were burned in the first year after a fire, respectively (Figure 3a,b) . Of all the forest loss grid cells in NHAF, 5.6% was converted to shrub, 9.6% was converted to grass, and 1.6% was converted to crop. Of all of the forest loss grid cells in NHSA, 3.3% were converted to shrub, 7.2% were converted to grass, and 3.4% were converted to crop. In the 10 years after fires, the BAs in forests slowly recovered, which indicated that 92.8% and 92.6% of the forests existed in NHAF and NHSA in the last year (Figure 3a,b) . The rates of forest recovery (the value in the last year related to that in the first year) were slightly different between NHAF (10%) and NHSA (7.1%). In detail, the forests in NHAF started to recover in the first year after a fire, and the recovery of forests in this region was rapid in the following 10 years. However, in the first 5 years, the rate of early successional forest recovery in NHSA was constant and then increased rapidly in the remaining period. The recovery times of early successional forests in NHAF and NHSA were 10.2 and 18.4 years, respectively (Figure 3 ). The forests in SHAF and SHSA decreased by approximately 15%, and these areas were mainly converted to grass, shrub and crop. The forest recovery trends were dramatically different between SHAF and SHSA (Figure 3c,d) . The changes in vegetation types induced by fire were similar in the forests in NHAF and SHAF. In contrast, the fraction of remaining forests in SHSA decreased to 78% in the first 4 years and then remained stable. The recovery time for forests in SHAF was 12.8 years, but no recovery signal could be found in SHSA_Forests.
Of all shrub loss grid cells, a small part (7.8% when averaged over the whole 10 years) was burned and mainly converted to grass in SHAF (Figure 3e) . Meanwhile, almost none of the shrubs in SHSA were burned (Figure 3f ). Approximately 10% of the grasses in NHAF and SHSA were cleared in the first year after fires (Figure 3g,h) . Burned grass was mainly converted into shrubs or crops. The fraction of grass in SHSA that was converted to other vegetation types increased to 14.4% in the last stage of 10 years. Of the total crop grid cells influenced by fires, the crops were mainly converted to grass. In both NHAF and SHSA, the fraction of crops that transitioned to grass was relatively stable in the following 10 years (Figure 3 ).
The Spatial Distribution of Land Cover in the First Year after Fires
The spatial distribution of land cover change in the first year after a fire is shown in Figures 4  and 5 and is expressed as the direct effect of fire on the vegetation type transitions. In the first year after a fire, the percentage proportion of forests that remained in one grid cell (0.5 • × 0.5 • ) was above 80% for most parts of Africa and South America (Figure 4 ). In the middle of South America, only 20-60% of the forests remained, and the other parts were mainly converted to grass. Moreover, less than 40% of the remaining forests in the first year after a fire were located around South America, which has few forest grid cells (Figure 4) . The percentage proportion of grass that remained in one grid cell was above 40% for most areas of both continents ( Figure 5 ). In the high-density grass regions in specific regions (Figure 1 ), some areas of grass loss were converted to shrubs and crops, but few of these areas were converted to forests ( Figure 5 ). For most parts of the high-density vegetated regions for each shrub and crop type, 80% of each vegetation type remained in the first year after a fire ( Figures S3 and S4) . The spatial distribution of land cover change in the first year after a fire is shown in Figures 4  and 5 and is expressed as the direct effect of fire on the vegetation type transitions. In the first year after a fire, the percentage proportion of forests that remained in one grid cell (0.5° × 0.5°) was above 80% for most parts of Africa and South America (Figure 4 ). In the middle of South America, only 20-60% of the forests remained, and the other parts were mainly converted to grass. Moreover, less than 40% of the remaining forests in the first year after a fire were located around South America, which has few forest grid cells (Figure 4) . The percentage proportion of grass that remained in one grid cell was above 40% for most areas of both continents ( Figure 5 ). In the high-density grass regions in specific regions (Figure 1 ), some areas of grass loss were converted to shrubs and crops, but few of these areas were converted to forests ( Figure 5 ). For most parts of the high-density vegetated regions for each shrub and crop type, 80% of each vegetation type remained in the first year after a fire ( Figures S3 and S4) . 
Vegetation Changes in Non-Burned Regions of Both Continents
Besides the impacts of fire, other factors, i.e., the anthropogenic factors, also led to land cover changes. The land cover changes induced by non-burned factors indicated that the forest and grass losses in Africa and South America were less than those in the fire-induced regions (Figure 6a,b,e,f) , while the extents of shrub and crop losses were similar in both continents (Figure 6c,d,g,h) . The patterns of forest conversion induced by fire and non-burned factors differed between the continents (Figure 3 
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Besides the impacts of fire, other factors, i.e., the anthropogenic factors, also led to land cover changes. The land cover changes induced by non-burned factors indicated that the forest and grass losses in Africa and South America were less than those in the fire-induced regions (Figure 6 a, b, e, f), while the extents of shrub and crop losses were similar in both continents (Figure 6 c, d, g, h) . The patterns of forest conversion induced by fire and non-burned factors differed between the continents (Figure 3 , Figure 6 and Figure S1 ). The proportions of unburned forest and shrub proportion in Africa and South America exhibited no obvious changes over the 13 years. 
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Our main result is that the recovery of forests in Africa was relatively fast in the 10 years after a fire, but the forests in South America recovered rather slowly, especially in the Southern 
Discussion
The Continental Differences in Land Cover Changes Induced by Fires
Our main result is that the recovery of forests in Africa was relatively fast in the 10 years after a fire, but the forests in South America recovered rather slowly, especially in the Southern Hemisphere while no recovery could have ever been found (Figure 3a-d) . The results indicated that the recovery time of early successional forests in Africa was relatively fast (NHAF: 10.2 years; SHAF: 12.8 years) in the years after a fire, but early successional forests in South America recovered slowly (18.4 years) . Second, the satellite information alone cannot provide enough evidence of the recoveries of other vegetation types (i.e., shrub, grass and crop) in both continents (Figure 3e-j) .
The continental differences in recovery rates of forests are attributed to several factors influencing the speed of vegetation restoration, including soil fertility [34, 35] and species composition [35, 36] . South America has been reported to be a low fertility environment, while in Africa, the soil is highly fertile [3, 17] . From Table S1 , our findings confirm this tendency that the soil quality of Africa was better than that in South America. Higher soil fertility might accelerate the post-fire recovery of vegetation in Africa [28] . Different fire regimes can cause the succession process to follow different recovery trajectories. Paleoecological evidence has indicated that tropical forests in Africa recovered faster from past disturbance events than those in South America [35] . One possible reason might be that the adaptive strategy of African ecosystems is apt for the selection of stress-tolerant species [35, 36] . In addition, the fast recovery rates of vegetation in Africa may result from more extensive fire histories [35] , which showed a more resilient system.
The total vegetation loss in the first year after a fire in Africa was larger than that in South America has been clarified in this study (Figure 3) , suggesting a more sensitive response in Africa. This difference can largely be explained by the climate [23, 24] and thus the fire regimes. From Table S1 , we found that the annual mean precipitation in NHAF_forest and SHAF_forest was 1800.0 and 1571.2 mm, while the annual mean precipitation in NHSA_forest (Figure 1 ) was 2409.0 mm. In general, the annual mean precipitation in Africa was lower than that in South America [3] , which indicated a drier system in Africa. The statistical analysis of the MODIS BA implied that the total BA in Africa from 2001-2013 was 7.8 times larger than that in South America (Figure 2c,d) , clearly indicating the difference of fire regimes in the two continents. Moreover, Africa suffered from repeated fires, while more than half of the BA in South America was impacted by single fires during the analysis period ( Table 1 ). The higher frequency of fires resulted in a larger loss of vegetation in Africa than South America.
Furthermore, Africa's ecosystems are water limited [37] and disturbance driven [2] , with a high representation of grass-dominated ecosystems (i.e., savannas). These conditions are favorite to large amounts of biomass burning [15] . In contrast, South America has the largest rainforests in the world [5, 38, 39] . In most of Africa, the standard deviation of vegetation changes from 2001-2013 was larger than that in South America ( Figure S5 ). The pattern of ecosystem distribution was dominated by wildfires in Africa, indicating that landscape fires were key on this continent [2] . Without the frequent occurrence of fires, Africa savannas might have been covered by forest [2] . However, the nonlinear recovery rate of forests ( Figure 3 ) and inconsistent changes in the land cover maps and total fire-induced areas ( Figure S5 ) in South America indicated that ecosystem changes over the past decade were more complex on this continent. A recent evaluation highlighted the complexity of explaining the spatial patterns of biomass variations [40] .
Forest and Grass Loss after Fires on Both Continents
Forests and grasses, the dominant functional groups on both continents, exhibited stronger responses than the other ecosystem types (Figures 3-5) . However, the percentage proportions of forest losses induced by fires ranged from 14.5 to 17.2%, higher than that of grass losses (approximately 10% on both continents). In forests highly vulnerable to fire, the occurrence of fires is usually associated with forest clearing, but grasses (i.e., savanna vegetation) are more resilient to fire than forests [41] .
Tropical forests and grasses are characterized mainly by fire-intolerant species and fire-tolerant species, respectively [20, 41] . A study of the savanna/forest transition related to fire in Africa found that in savannahs, the occurrence of fires is not associated with land cover change; however, burning is strongly associated with land-cover changes in dense forests [41] . Therefore, our study suggested that tropical forests have become increasingly vulnerable to fire.
Fire is often used for land clearing and to transform forests into other ecosystem types, a type of land-use change similar to deforestation [39, 42] . Tropical forests are large reservoirs of terrestrial carbon and sequester 40-60% of the carbon in the world [43, 44] . In particular, South America contains the largest area of tropical rainforests in the world and has the richest biodiversity [45] . In our study, forest conversions in Northern Hemisphere Africa and South America responded similarly to fire. Deforestation for grasslands accounted for large amounts of the forest losses in the first year after fire: 55.9% (north) and 42.4% (south) in Africa and 49.3% (north) and 60.6% (south) in South America (Figure 3) . Moreover, approximately 15.5% of the areas with forest losses induced by fire were converted to agriculture. A 25-year study indicated that Amazon rain forest regrowth follows pasturelands after the shifting of cultivation patterns [46] . A systematic, spatially explicit remote sensing time series indicated that deforestation in South America was mainly driven by changes in pastureland [47] . A close relationship between deforestation and burning events exists in tropical regions [5, 39] , but these events cannot be considered equivalent [12] .
Uncertainty
Uncertainties in this study mainly come from the MODIS products. First, the MCD64A1 BA maps are derived from a hybrid algorithm that uses both the reflectance changes and the thermal anomalies associated with biomass burning [31, 32] . The MCD64A1 product uses short-wave infrared (SWIR) bands, which was considered very sensitive to BA [31, 48] . Among the newly available global burned area products, C6 MCD64A1 detected the most total burned area [49] . However, some studies still reported that MCD64A1 underestimated the burned areas, especially for croplands [14, 50] . Intercomparison of global burned area products can be helpful to quantify the uncertainties of fire-induced vegetation recovery and warrant future investigations. Second, the pixels in vegetated regions are not all pure when derived for MODIS land cover map at 500 m resolution. When land cover in a pixel is not uniform in the field of view of the sensors, it is considered as a mixed pixel [51] . So, the mixed pixels are composed of several land-cover/land-use types. One study reported that trees in croplands, which covered as much area as the Amazon forests, were sometimes neglected when aggregated at the global scale [52] . As a result, when not all vegetation in the entire pixel was impacted by a fire, the remaining vegetation type (i.e. trees) may dominate in the next year after the fire.
Conclusions
The integration of annual BAs and land cover maps derived from MODIS observations provides an approach to detect the conversion and recovery of vegetation dynamics after fires on two continents (Africa and South America). The continental differences in fire regimes were clarified in terms of the fire frequency, which indicated that Africa and South America suffered more repeated fires and more single fires, respectively. The post-fire vegetation changes on both continents were tracked in specific regions with high-density vegetation cover. The comparison indicated that the forest losses in the first year after fires were slightly larger in Africa than in South America. Meanwhile, the recovery of forests in Africa was more rapid than that in South America. Furthermore, we analyzed the changes of high-density vegetation in non-burned regions and compared the results with the post-fire vegetation dynamics in burned regions in Africa and South America. The combination of the different MODIS observations could assist with determining the regional patterns of land cover changes induced by fires, which help us better understanding the contrasting post-fire dynamics between Africa and South America.
The integration of available satellite information provides opportunities to track vegetation recovery from space, which help the managers and governments to make informed decisions. The potential applications range from evaluating post-fire processes to assessing the land cover changes, both of which are important for landscape management and ecosystem restoration. First, the decision makers should implement intervention measures to suit local conditions due to the large difference in post-fire dynamics between both continents. Second, the restoration plan should consider vegetation [53] , species [54], soil conditions, and other ecosystem variables in the ecosystem restoration. Third, since the forest recovery time induced by fire is more than 10 years, the implementation of specific restoration programs should be over a period of a decade. 
